Radio-transparent multi-layer insulation for radiowave receivers by Choi, J. et al.
ar
X
iv
:1
30
6.
50
40
v2
  [
as
tro
-p
h.I
M
]  
18
 O
ct 
20
13
Radio-transparent multi-layer insulation for radiowave receivers
J. Choi,1 H. Ishitsuka,2 S. Mima,3 S. Oguri,4, a) K. Takahashi,5, 3 and O. Tajima4, 2
1)Korea University, Anam-dong Seongbuk-gu, Seoul 136-713 Republic of Korea
2)Department of Particle and Nuclear Physics, School of High Energy Accelerator Science,
The Graduate University for Advanced Studies (SOKENDAI), Shonan Village, Hayama,
Kanagawa 240-0193 Japan
3)Terahertz Sensing and Imaging Team Terahertz-wave Research Group, RIKEN, 2-1 Hirosawa, Wako,
Saitama 351-0198 Japan
4)Institute of Particle and Nuclear Studies, High Energy Accelerator Research Organization (KEK), Oho, Tsukuba,
Ibaraki 305-0801 Japan
5)Department of Physics, Tohoku University, Sendai, Miyagi 980-8578 Japan
(Dated: 31 October 2018)
In the field of radiowave detection, enlarging the receiver aperture to enhance the amount of light detected is
essential for greater scientific achievements. One challenge in using radio transmittable apertures is keeping
the detectors cool. This is because transparency to thermal radiation above the radio frequency range increases
the thermal load. In shielding from thermal radiation, a general strategy is to install thermal filters in the
light path between aperture and detectors. However, there is difficulty in fabricating metal mesh filters of
large diameters. It is also difficult to maintain large diameter absorptive-type filters in cold because of their
limited thermal conductance. A technology that maintains cold conditions while allowing larger apertures
has been long-awaited. We propose radio-transparent multi-layer insulation (RT-MLI), composed from a set
of stacked insulating layers. The insulator is transparent to radio frequencies, but not transparent to infrared
radiation. The basic idea for cooling is similar to conventional multi-layer insulation. It leads to a reduction
in thermal radiation while maintaining a uniform surface temperature. The advantage of this technique over
other filter types is that no thermal links are required. As insulator material, we used foamed polystyrene; its
low index of refraction makes an anti-reflection coating unnecessary. We measured the basic performance of
RT-MLI to confirm that thermal loads are lowered with more layers. We also confirmed that our RT-MLI has
high transmittance to radiowaves, but blocks infrared radiation. For example, RT-MLI with 12 layers has a
transmittance greater than 95% (lower than 1%) below 200 GHz (above 4 THz). We demonstrated its effects
in a system with absorptive-type filters, where aperture diameters were 200 mm. Low temperatures were
successfully maintained for the filters. We conclude that this technology significantly enhances the cooling of
radiowave receivers, and is particularly suitable for large-aperture systems. This technology is expected to be
applicable to various fields, including radio astronomy, geo-environmental assessment, and radar systems.
PACS numbers: 07.20.Mc, 07.57.-c, 84.40.-x, 95.85.Bh, 98.70.Vc
I. INTRODUCTION
Progress in the development of low-temperature de-
tectors has led to breakthroughs in various fields of
radiowave detection including radio astronomy1–3 and
submillimeter-wave imaging for geo-environmental as-
sessment4. In particular, large detector arrays in a large-
aperture system enable faint signals to be detected be-
cause the total amount of detected light is large. This
has led to greater scientific achievements in various fields,
such as cosmic microwave background radiation measure-
ments5. A major challenge in radiowave receiver sys-
tems is keeping detectors cool. Various techniques have
been developed, e.g., shading the inside of the aperture
using absorptive-type filters with dielectric materials1,
reflective-type filters (e.g., metal mesh filters6), or com-
binations of these. These filters are kept cold using ther-
mal links from the cold stages of a cryocooler or from a
general cooling medium.
a)shugo@post.kek.jp
However, enlargement of the aperture leads to new dif-
ficulties, such as in fabricating large-diameter metal mesh
filters and in maintaining uniformly cold temperature
conditions over absorptive-type filter surfaces. Thermal
re-emission from a warm filter then becomes a serious is-
sue. Therefore, a technology that enables large-aperture
systems to maintain a cold condition is required.
In this paper, we propose radio-transparent multi-layer
insulation (RT-MLI) composed of a set of stacked insu-
lating layers. The insulating material is transparent to
radiowaves but blocks infrared radiation. The RT-MLI
leads to a reduction in thermal loads while maintaining
a uniform surface temperature. We measured the basic
performance of RT-MLI in terms of reduction in thermal
load and transmittance. We also demonstrated its cool-
ing abilities in combination with absorptive-type filters.
2II. RADIO-TRANSPARENT MULTI-LAYER
INSULATION (RT-MLI)
A. Idea and design
A multi-layer insulation (MLI)7–10 is a thermal insu-
lation system composed of multiple layers of thin insu-
lating sheets. MLI is a major concept in thermal design
and is primarily intended to reduce the heat contributed
by thermal radiation. This technology is commonly used
for applications in vacuum conditions, where conduction
and convection are significantly reduced and heat radia-
tion dominates. The principle behind MLI is to balance
the thermal radiation between layers. More layers can be
added to further reduce radiation losses.
TABLE I. Physical properties of Styroace-II Styrofoam at
room temperature a.
Material Foamed polystyrene
Density 0.025 g/cm3
Thermal conductivity 0.028 W/m·K
Coefficient of thermal expansion 7× 10−5 K−1
Index of refraction 1.03
a http://www.dowkakoh.co.jp/styrofoam/data.html
FIG. 1. Photos of an RT-MLI composed of stacked Styrofoam
layers. Each layer has a diameter of 210 mm, and a thickness
of 3 mm. The total number of layers shown in the left photo
is 17.
Evaporated metal films are popular materials for
MLI. However, they are not transparent to radiowaves.
Replacement of evaporated metal films with a radio-
transparent material enables the same principle as MLI
to be exploited for radiowaves. Foamed polystyrene is
an appropriate insulation material. It has high trans-
mittance in the millimeter-wave range but almost zero
transmittance in the infrared region. Additionally, anti-
reflection coatings are unnecessary on the surface because
the index of refraction of foamed polystyrene is low. We
used a commercial material, Styroace-II Styrofoam, pro-
vided by the Dow Chemical Company. The physical
properties of this material are summarized in Table I.
We fabricated a RT-MLI using a set of stacked Styro-
foam layers, as shown in Fig. 1.
B. Principle
FIG. 2. Layout showing the principle behind RT-MLI. Ex-
changes of thermal radiation between the layers are balanced.
The thermal loads conducted from the top surface to the bot-
tom surface in each layer are also balanced with the exchanged
radiation on each surface.
The principle underpinning RT-MLI is similar to that
of conventional MLI. As shown in Fig. 2, thermal radia-
tion exchanges between the layers are balanced. By ne-
glecting higher-order effects, the exchanged thermal loads
per unit area can be described as follows:
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where qi, σ, and ε denote the load into the i-th layer from
the direction of the previous layer, the Stefan-Boltzmann
constant, and the effective emissivity of the Styrofoam,
respectively. Because each component of the radiation is
balanced, i.e., q ≡ q1 = q2 = · · · = qN+1, summation of
the above equations over all layers gives:
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1
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Inside each layer, the thermal conductance is also bal-
anced with respect to the thermal radiation for each layer
surface:
q =
κ
d
(
T top
i
− T bottomi
)
, (6)
where κ and d are the thermal conductivity and layer
thickness, respectively. This equation indicates that the
contribution of the second term in Eq. 5 is significant
3when the magnitude of q is large (i.e., the number of
layers is small)11.
For conventional MLI, the second term in Eq. 5 is neg-
ligible because of T top
i
= T bottom
i
. With this approxima-
tion, Eq. 5 reduces to:
q =
1
N + 1
· σ
[
(Thigh)
4
− (Tlow)
4
]
. (7)
The thermal radiation is proportional to the inverse of
the number of layers plus one, i.e., q ∝ 1/(N + 1). This
simplified model for the conventional MLI is called the
1/(N + 1) law in this paper. For RT-MLI, the balanced
radiation tends to be smaller than that predicted by the
1/(N+1) law because T top
i
> T bottom
i
. Therefore, a ded-
icated simulation has to be performed by simultaneously
solving Eqs. 5 and 6.
Another unique feature of RT-MLI is that the above
equations are independent of the layer area. This means
that the uniformity of the surface temperature is guaran-
teed in principle. RT-MLI is applicable to large-aperture
systems without any change in thermal shielding perfor-
mance; this is a major advantage of the technology.
C. Reduction of thermal radiation
The performance in terms of the reduction in thermal
radiation was measured using the setup shown in Fig. 3.
The cryostat consisted of a vacuum chamber and a cop-
per radiation shield inside the chamber. A two-stage
Gifford-McMahon (GM) cryocooler (Sumitomo Heavy
Industries Ltd., RDK-408S) maintained cold conditions
inside the cryostat; the first stage maintained shield tem-
peratures at around 27 K, and no thermal link from the
second stage was used in this test. The cylindrically
shaped chamber had a diameter of 508 mm and height
of 480 mm. There was a circular aperture of diameter
260 mm on top of the chamber. This aperture was sealed
with a high-density polyethylene window. The aperture
of the shield was 210 mm in diameter. A pyramid-shaped
absorber array was located under the aperture. Each ab-
sorber piece consisted of an Eccosorb-coated aluminum
block and therefore had good thermal conductance, sim-
ilar to that of a metal12,13. The absorbers were set on
a copper plate (of thickness 5 mm) that was also cooled
by the first stage of the cryocooler; this resulted in a
uniform temperature across all absorbers13. The ther-
mal conductance between the copper plate and the cry-
ocooler was approximately 1 W/K. A blackbody emit-
ter (Eccosorb CV-3 from Emerson & Cuming Microwave
Products, Inc.) at room temperature (∼298 K) was also
set outside the vacuum window.
We set the RT-MLI layers behind the shield aperture
using a Styrofoam cylinder (inner and outer diameters
215 mm and 225 mm, respectively, and height 50 mm).
At the bottom of the cylinder, small tabs prevented the
RT-MLI layers from falling. The RT-MLI layers were
placed in the cylinder without any pressure except that
FIG. 3. Layout for measuring the basic performance of the
RT-MLI in reducing room temperature radiation. Five ther-
mometers were located at the positions marked by solid dots,
a–e. We monitored the top and bottom surface temperatures
of the RT-MLI as well as the temperatures on the absorber ar-
ray and the radiation shield. Thermal loads passing through
the RT-MLI were measured by obtaining the temperature dif-
ference between thermometers d and e.
due to gravity. The cylinder was placed on top of Styro-
foam columns that were placed at the edge of the copper
plate of the absorbers. The upper side of the RT-MLI di-
rectly faced the vacuum window. The thermal conductiv-
ity of the support structure was negligible; the RT-MLI
did not indicate any cooling other than radiative cool-
ing. While varying the number of Styrofoam layers used,
we measured the temperatures achieved at the locations
shown in Fig. 3.
TABLE II. Temperatures (K) achieved at each thermometer
location (see Fig. 3).
RT-MLI: number of layers
3 6 12 17
a: RT-MLI (top-center) 259.4 267.4 274.5 282.4
b: RT-MLI (bottom-center) 186.5 171.8 154.7 142.5
c: RT-MLI (bottom-edge) 185.4 169.3 154.4 142.1
d: Absorber 29.9 29.3 28.6 28.1
e: GM first stage 27.6 27.4 27.2 27.0
The temperatures for each configuration are sum-
marized in Table II. The bottom side of the RT-MLI
achieved lower temperatures as the number of layers in-
creased. In contrast, the top side temperature increased
because of the smaller temperature gradient associated
with the larger number of layers, as predicted by Eq. 5.
A comparison between the temperatures obtained from
measurements and those from simulations based on Eq. 5
and Eq. 6 is shown in the top panel of Fig. 4. The mid-
dle panel of Fig. 4 demonstrates temperature uniformity
across the RT-MLI surface. For each configuration, the
thermal loads passing into the absorbers are shown in the
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FIG. 4. [Top panel]: Surface temperatures of RT-MLI as a
function of the number of Styrofoam layers; the solid and
dashed lines indicate the top side (location a in Fig. 3) and
the bottom side (location b in Fig. 3) of the RT-MLI, re-
spectively. Surface temperatures of a thick Styrofoam block
(thickness of 100 mm) are also shown for comparison. Sev-
eral layers of the RT-MLI with a total thickness of ∼20 mm
achieved a performance equivalent to that of the thick Styro-
foam block. A simulation with an emissivity of 0.72 almost
exactly reproduces the temperature gradient of the RT-MLI.
[Middle panel]: Temperature difference between the two ther-
mometers on the bottom surface of the RT-MLI in the center
(b in Fig. 3) and on the edge (c in Fig. 3). The principle of the
RT-MLI guarantees uniform surface temperatures (see main
text for details: section IIB). [Bottom panel]: Thermal loads
passing into the absorber array for each configuration. The
thermal radiation estimated from the bottom temperature of
the RT-MLI is also shown; it should be the dominant source of
the thermal loads. A prediction based on the simple 1/(N+1)
law (Eq. 7), regarding the behavior of a conventional MLI is
overlaid for comparison. The RT-MLI exhibits a lower slope
than the simple 1/(N + 1) law because of a contribution of
the second term in Eq. 5.
bottom panel of Fig. 4. Estimation of the thermal radia-
tion from the bottom surface temperature of the RT-MLI
is also shown; it should be the dominant source of thermal
load. The reduction in thermal load was roughly verified
using a typical heat capacity curve of the cryocooler14;
in shifting from a 3-layer to a 17-layer configuration, the
reduction in thermal load was approximately 1 W. This
confirmed the reduction in thermal load, which follows
the description provided in section II B.
D. Transmittance
The transmittance of the RT-MLI was measured us-
ing two different systems: a Fourier transform spec-
trometer (FTS)15, and a radiowave signal generator.
The FTS system consisted of Fourier transform infrared
spectrometers from the Japan Spectroscopic Corporation
(JASCO, Tokyo, Japan) having a combination of two sen-
sors: an indium antimonide (InSb) hot electron bolome-
ter (QMC Instruments Ltd., Cardiff, United Kingdom)
for measurements between 180 GHz and 1.6 THz, and a
pyroelectric detector for measurements above 1.6 THz.
In the latter system, the radiowave signals were gener-
ated by a signal generator (E8247C, Agilent Technolo-
gies Inc., Santa Clara, California) with multiplication
performed using the AMC-10-RFH00 (AMC-05-RFH00)
of Millitech Inc. (Northampton, Massachusetts) for the
80 GHz–110 GHz (140 GHz–220 GHz) frequency band.
The intensity of the signal was measured using diode de-
tectors: DET-10 (or DET-05) of Millitech Inc. for the
80 GHz–110 GHz (or 140 GHz–220 GHz) frequency band.
The transmittance was obtained from the ratio of the
measured signal intensity before inserting the RT-MLI
to that after its insertion.
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FIG. 5. Transmittance of RT-MLI at room temperature. Us-
ing an FTS, we measured the transmittances of four different
configurations distinguished by the number of layers 1, 6, 12,
and 24. We also measured the transmittance of a Styrofoam
block for comparison. Below the 220 GHz region, the trans-
mittance of the 24-layer sample was also measured using sig-
nal generators. The transmittance was roughly proportional
to the N-th power of the number of layers, i.e., the transmit-
tance of an N-layer RT-MLI was approximately 0.997N at a
frequency of 200 GHz.
The measured transmittance for each layer configura-
tion is shown in Fig. 5. We did not deposit any anti-
reflection coating on the RT-MLI surface. The logarithm
of the transmittance was roughly proportional to the
number of layers (N), i.e., the transmittance of an N -
layer RT-MLI is greater than 0.997N below a frequency
of 200 GHz. We confirmed the high transmittance of the
5RT-MLI at radiowave frequencies. The transmittance of
a Styrofoam block is also shown in Fig. 5. The Styrofoam
block thickness (18 mm) was equivalent to the thickness
of the 6-layer RT-MLI; a consistent transmittance was
obtained.
III. DEMONSTRATION WITH A COMBINATION OF
RT-MLI AND ABSORPTIVE-TYPE FILTERS
We also demonstrated the effects of RT-MLI in a sys-
tem having absorptive-type filters. We emulated the re-
ceiver system shown in Fig. 6 and Fig. 7, but we used
an absorber array instead of a detector array. We in-
stalled two sets of RT-MLIs between each layer, including
the layers of the vacuum window, polytetrafluoroethylene
(PTFE) filter, and 66-Nylon filter. Using copper wires
(2 mm diameter) and copper jigs that held the filters,
the PTFE filter was thermally linked to the first stage of
the GM cryocooler. The Nylon filter and the absorbers
were also linked to the second stage of the GM cryocooler.
For the demonstration, the thermal conductance values
of each thermal link were maintained at the low value
of approximately 0.05 W/K. We did not need any ther-
mal link to the RT-MLI because the heat was expelled
through radiative cooling. Therefore, the installation of
the RT-MLI did not place any additional load on the
cryocooler.
FIG. 6. Layout of the setup used to demonstrate the effects
of RT-MLI. This setup emulates a radiowave receiver with a
200-mm-diameter aperture. Instead of a detector array, we
used an absorber array. The temperatures obtained at each
location (A, B, · · ·, E) are summarized in Table III.
We monitored the temperature at the center of each fil-
ter, the edges of the absorber and Nylon filter, and both
cold heads of the cryocooler. The temperatures obtained
before and after the installation of the RT-MLI are sum-
marized in Table III. Also shown are the temperatures
measured from the installation of two Styrofoam blocks
rather than the RT-MLI layers. The thicknesses of the
layers and the blocks were equivalent, i.e., we replaced 12
FIG. 7. Photograph of the setup shown in Fig. 6.
and 5 layers of RT-MLI with Styrofoam blocks of thick-
nesses 40 mm and 15 mm, respectively. RT-MLI achieved
better performance than the Styrofoam block. Because
of the low thermal conductivity values (∼0.25W/m·K) of
PTFE and Nylon, the temperatures of both filters were
very high before the installation of RT-MLI. After in-
stallation of the RT-MLI layers, we confirmed significant
improvements in the temperatures obtained at each lo-
cation. The reduction in thermal loads also resulted in
a small temperature gradient across the filters; e.g., the
temperature difference between the center and edge of
the Nylon filter was significantly reduced from 85.0 K
(no additional shielding) to 11.4 K (after the installation
of RT-MLI).
TABLE III. Temperatures (K) obtained the setup in Fig. 6;
the additional radiation shielding took the form of no shield-
ing, installation of the Styrofoam blocks, and installation of
RT-MLI (12 layers above the PTFE filter and 5 layers above
the Nylon filter).
Additional shields Nothing Styrofoam block RT-MLI
A : PTFE 218.9 133.8 95.7
B : Nylon (center) 128.5 48.7 36.3
B’: Nylon (edge) 43.5 31.5 24.9
C : Absorber 15.5 9.2 8.2
D : GM second stage 8.0 6.2 5.9
E : GM first stage 29.6 27.1 26.7
We confirmed a significant reduction in the thermal
loads passing into the absorbers (Fig. 8). The lower tem-
peratures achieved in the cryocooler also indicated a re-
duction in thermal load of the system. This cryocooler
achieved temperatures of 26.5 K and 5.5 K for each stage
without any additional load from outside the radiation
shield. The typical heat capacity curve of the cryocooler
indicates a significant load reduction of ∼ 4 W (∼ 3 W)
for the first (second) stage. We confirmed that RT-MLI
6is useful to shield the aperture from outside thermal ra-
diation.
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FIG. 8. [Top]: Temperatures attained at each layer as shown
in Fig. 6 and Table III. [Bottom]: Thermal loads passing into
absorbers measured using temperature differences between C
and D in Fig. 6 and Table III. Estimated thermal radiation
from the Nylon filter is also shown. The difference between
the measured load and the estimated radiation (≈ 0.1 W)
indicates that effects of reflected radiations from the upper
layers. A setup that has tight shielding to prevent reflection
is expected to reduce the difference.
IV. CONCLUSION
We developed RT-MLI composed of a set of stacked
layers of polystyrene foam. RT-MLI reduces thermal
radiation while maintaining transparency to radiowaves.
We confirmed both surface temperature uniformity and
a reduction in thermal loads. No anti-reflection coat-
ing is necessary. We also confirmed that RT-MLI has
high transmittance for radiowaves but blocks infrared ra-
diation. Another advantage of the RT-MLI compared
with other filter types is that no thermal links are nec-
essary. We demonstrated the effects of RT-MLI in com-
bination with absorptive-type filters in a large-aperture
setup (where the aperture diameter of each filter was
200 mm); low filter temperatures were successfully main-
tained. The principle of RT-MLI also guarantees appli-
cation to significantly larger aperture systems, e.g., those
with diameters of a few meters.
We conclude that RT-MLI is a useful technology in the
cooling of radiowave receiver systems and particularly for
the enlargement of a system aperture while maintaining
a uniform surface temperature and high-transmittance
conditions. RT-MLI can possibly be applied in various
fields including radio astronomy, geo-environmental as-
sessment, and radio detection and ranging (radar) sys-
tems.
ACKNOWLEDGMENTS
This work was supported by Grants-in-Aid for Sci-
entific Research from the Ministry of Education, Cul-
ture, Sports, Science and Technology, Japan (KAKENHI
23684017, 21111003, and 25610064). It was also sup-
ported by FY 2012 Joint Development Research on an
Open Application Basis Program of the National Astro-
nomical Observatory of Japan (NAOJ), Research Grants
in the Natural Sciences from the Mitsubishi Foundation,
and the Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded
by the Ministry of Education, Science and Technology
(2013R1A1A2004972). We thank Masanori Kawai and
Chiko Otani for discussions with regard to cryogenics and
the applications of this work. We also thank Takayuki
Tomaru and Mitsuhiro Yoshida, who kindly allowed us
to use instruments for the transmittance measurements.
We thank Masaya Hasegawa and Masashi Hazumi for
providing a styrene foam cutter, which was a very useful
tool for the tests performed in this paper. Finally, we
thank Ken’ichi Karatsu, Akito Kusaka, Tomotake Mat-
sumura, Yuji Chinone, and Masato Naruse, with whom
we had useful discussions on the design concepts of the
radiowave receivers.
1C. D. Sheehy, P. A. R. Ade, R. W. Aikin, M. Amiri, S. Ben-
ton, C. Bischoff, J. J. Bock, J. A. Bonetti, J. A. Brevik,
B. Burger, C. D. Dowell, L. Duband, J. P. Filippini, S. R.
Golwala, M. Halpern, M. Hasselfield, G. Hilton, V. V. Hris-
tov, K. Irwin, J. P. Kaufman, B. G. Keating, J. M. Kovac,
C. L. Kuo, A. E. Lange, E. M. Leitch, M. Lueker, C. B. Net-
terfield, H. T. Nguyen, R. W. Ogburn IV, A. Orlando, C. L.
Pryke, C. Reintsema, S. Richter, J. E. Ruhl, M. C. Runyan,
Z. Staniszewski, S. Stokes, R. Sudiwala, G. Teply, K. L. Thomp-
son, J. E. Tolan, A. D. Turner, P. Wilson, and C. L. Wong,
“The Keck Array: a pulse tube cooled CMB polarimeter,”
Proc. SPIE 7741 , 77411R–77411R–8 (2010).
2Tauber, J. A., et al., “Planck pre-launch status: The planck
mission,” A&A 520, A1 (2010).
3Pilbratt, G. L., Riedinger, J. R., Passvogel, T., Crone, G.,
Doyle, D., Gageur, U., Heras, A. M., Jewell, C., Metcalfe,
L., Ott, S., and Schmidt, M., “Herschel space observatory,”
A&A 518, L1 (2010).
4K. Kikuchi, T. Nishibori, S. Ochiai, H. Ozeki, Y. Irima-
jiri, Y. Kasai, M. Koike, T. Manabe, K. Mizukoshi, Y. Mu-
rayama, T. Nagahama, T. Sano, R. Sato, M. Seta, C. Taka-
hashi, M. Takayanagi, H. Masuko, J. Inatani, M. Suzuki,
and M. Shiotani, “Overview and early results of the super-
conducting submillimeter-wave limb-emission sounder (smiles),”
J. Geophys. Res. 115 (2010), 10.1029/2010JD014379.
5T. Tomaru, M. Hazumi, A. T. Lee, P. Ade, K. Arnold, D. Bar-
ron, J. Borrill, S. Chapman, Y. Chinone, M. Dobbs, J. Errard,
G. Fabbian, A. Ghribi, W. Grainger, N. Halverson, M. Hasegawa,
K. Hattori, W. L. Holzapfel, Y. Inoue, S. Ishii, Y. Kaneko,
B. Keating, Z. Kermish, N. Kimura, T. Kisner, W. Kranz,
F. Matsuda, T. Matsumura, H. Morii, M. J. Myers, H. Nishino,
T. Okamura, E. Quealy, C. L. Reichardt, P. L. Richards,
7D. Rosen, C. Ross, A. Shimizu, M. Sholl, P. Siritanasak,
P. Smith, N. Stebor, R. Stompor, A. Suzuki, J.-i. Suzuki,
S. Takada, K.-i. Tanaka, and O. Zahn, “The POLARBEAR-
2 experiment,” Proc. SPIE 8452 , 84521H–84521H–10 (2012).
6P. A. R. Ade, G. Pisano, C. Tucker, and
S. Weaver, “A review of metal mesh filters,”
Proc. SPIE 6275 , 62750U–62750U–15 (2006).
7C. L. Tein and G. R. Cunnington, “Cryogenic Insulation Heat
Transfer,” Advances in Heat Transfer 9, 349–417 (1973).
8C. Keller, G. Cunnington, and A. Glassford, “Thermal Perfor-
mance of Multilayer Insulations: Final Report,” NASA Technical
Reoprt (1974).
9G. McIntosh, “Layer by Layer MLI Calculation Using a Sepa-
rated Mode Equation,” Advances in Cryogenic Engineering 39B,
1683 (1994).
10A. Hedayat, L. J. Hastings, and T. Brown, “Analytical modeling
of variable density multilayer insulation for cryogenic storage,”
AIP Conference Proceedings 613, 1557–1564 (2002).
11The second term in Eq. 5 is also significant when the difference
between the temperatures Thigh and Tlow is small (this is true in
general when Thigh is small). However, the effects of stray light is
more problematic in a real system; the absorption of stray light
can degrade the performance of an RT-MLI when Thigh is small.
12A. Kogut, E. Wollack, D. J. Fixsen, M. Limon, P. Mirel,
S. Levin, M. Seiffert, and P. M. Lubin, “Design and calibration
of a cryogenic blackbody calibrator at centimeter wavelengths,”
Review of Scientific Instruments 75, 5079–5083 (2004).
13M. Hasegawa, O. Tajima, Y. Chinone, M. Hazumi, K. Ishi-
doshiro, and M. Nagai, “Calibration system with cryogenically-
cooled loads for cosmic microwave background polarization de-
tectors,” Review of Scientific Instruments 82, 054501 (2011).
14A typical heat capacity curve is found on the website of
the company: http://www.janis.com/Libraries/4K Coldheads/
RDK-408S cryocooler typical load map.sflb.ashx.
15D. Martin and E. Puplett, “Polarised interferometric spec-
trometry for the millimetre and submillimetre spectrum,”
Infrared Physics 10, 105–109 (1970).
